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BBAEE  SHOE  TESTS. 

Introduction. 

During  the  years  1878-79  Sir  Douglas  (Jalton  and  Mr  (Jeorge 
Westinghouse  condiicted  a  systematic  series  of  tests  to  determine  the 
value  of  the  coefficient  of  friction  hetv/een  brake-shoes  and  the 
wheel  in  braking  a  railway  car.    As  the  result  of  these  tests  a 
number  of  important  conclusions  were  deduced  and  reported  to  the 
Tnstitue  of  Mechanical  Engineers  of  London,  April  1879.    The  conclu- 
sions drawn  from  the  tests  made  at  this  early  date  have  in  general 
been  found  to  hold  true  up  to  the  present  time. 

One  of  the  most  important  facts  brought  out  by  the  G-alton 
tests  is  what  may  be  called  the  law  of  variations.    This  law  states 
that  the  coefficient  of  friction  increases  &u:t-h  a  decrease  in  speed. 
Results  of  tests  have  shown  that  with  a  constant  pressure  on  the 
brake-shoe  the  coefficient  of  friction  betv/een  the  shoe  and  wheel 
when  the  car  is  moving  at  a  speed  of  60  miles  per  hour  is  only  about 
one  half  as  great  as  the  coefficient  of  friction  when  the  speed  has 
been  reduced  to  20  miles  per  hour.    Therefore,  if  the  pressure 
brought  to  bear  upon  the  brake-shoe  is  great  enough  to  produce  the 
proper  braking  effect  when  the  speed  is  60  miles  per  hour,  this 
pressure  would  be  too  great  as  the  train  slowed  down.    This  is  be- 
cause as  the  speed  diminished  the  coefficient  of  brake-shoe  friction 
increased  to  such  an  extent  as  to  finally  stop  the  wheels  revolving 
and  cause  them  to  slide  upon  the  rails.    Ez^eriments  have  proven 
that,  ?/hen  the  wheels  slide  upon  the  rails,  the  resistance  to  the 
movement  of  the  train  is  only  about  one  third  of  what  it  would  be 
if  the  wheels  were  braked  to  a  maximum  and  still  allowed  to  revolve. 
The  reason  for  this  is  that  when  the  wheels  are  not  revolving  but 
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siMddlng  upon  the  rails,  the  resistance  oaused  "by  the  brake-shoes 
pressing  against  the  wheels  ooases  since  there  is  no  relative  motion 
between  the  two.    This  being  the  case,  the  only  force  producing 
retardation  of  the  movement  of  the  car  is  the  resistance  set  up  be- 
tween the  small  surface  of  the  wheels  in  contact  with  the  rail  under 
a  pressure  which  is  simply  the  weight  of  the  car  alone. 

In  order  to  obtain  the  highest  efficiency  in  stopping  a 
train  it  is  necessary  to  maintain  a  uniform  braking  effort  through- 
out the  stop.    5'or  this  reason  the  high-speed  air  brake  has  been 
developed  and  generally  adopted  for  psssoriger  service.    ^7ith  the 
high-speed  brake  the  train  line  pressure  is  increased  from  70  to  110 
pounds  per  square  inch.    Thus  when  the  proper  reduction  is  made  in 
the  train  line  the  cylinder  pressure  will  build  up  to  about  85 
pounds  per  square  inch.    This  causes  a  great  pressure  to  bear  upon 
the  piston  in  the  brake  cylinder,  which  in  turn  transmits  this 
force  through  the  system  of  brake  levers  to  the  brake  shoe.  Such 
a  braking  pressure  as  is  thus  obtained  is  safe  for  high  speeds 
around  60  miles  per  hour,  but  would  cause  the  v/heels  to  slide  upon 
the  rails  as  the  speed  became  materially  decreased.    This  difficulty 
however,  has  been  overcome  by  attaching  an  automatic  reducing  valve 
to  the  brake  cylinder.    \Vhenever  the  pressure  within  the  brake 
cylinder  becomes  greater  than  60  poimds  per  square  inch,  this  valve 
automatically  but  slowly  reduces  the  pressure  to  60  pounds. 

With  the  high-speed  brake  it  is  therefore  possible  to 
secure  a  heavy  pressure  on  the  brakes  at  high  speed  where  such  ac- 
tion is  safe  and  efficient.    Then  as  the  speed  decreases  the  brak- 
ing pressure  gradually  becomes  less,  due  to  the  action  of  the 
automatic  reducing  valve.    This  valve  is  supposed  to  be  so  construct 
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ed  as  to  maintain  a  varying  Taraking  pressure  which  would  give  a  safe 
maximum  for  any  speed.     If  such  action  is  perfectly  accomplished,  a 
uniform  braking  effort  will  he  maintained  from  a  high  speed  down  to 
the  point  of  stopping.    That  is,  the  curve  for  hraking  effort  would 
he  a  straight  horizontal  line. 
Ohject  of  Thesis. 

The  oh^eot  of  this  thesis  has  been  to  investigate  the  true 
action  of  the  high-speed  brake  while  braking  a  car  from  a  speed  of 
60  miles  per  hour  to  a  stop.    Special  attention  has  been  given  to 
the  results  of  these  tests  to  determine  whether  the  braking  effect 
remained  constant  as  the  speed  decreased. 
Apparatus  Used. 

This  work  has  been  chiefly  of  an  experimental  nature.  The 
apparatus  used  v/as  as  follows.    A  brake-shoe  testing  machine  built 
according  to  Master  Gar  Builders  standards  and  specifications.  A 
Sellers  dynamometer,  v/hich  formed  part  of  the  testing  machine, 
registered  the  tangential  pull  between  the  brake-shoe  and  the  car 
wheel.    A  steel  wheel,  similar  to  those  used  in  passenger  service, 
was  used.    The  braking  pressure  v/as  produced  by  a  high-speed  air 
brake.    A  description  of  this  apparatus  will  be  found  under  the 
subject  of  tests. 

Since  all  the  apparatus  used  was  nev;  and  had  only  recently 

been  installed,  it  was  necessary  to  calibrate  the  various  recording 

parts  in  order  to  ascertain  their  accuracy.    This  work  included 

y 

the  calibration  of  the  dynamometer  and  of  the  Bo^er  speed  recorder. 
It  was  also  necessary  to  determine  the  exact  travel  of  the  paper  on 
which  the  dynamometer  traces  the  braking  curves. 
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Cali"bratlon  of  Boyar. 

The  Boyar  speed  recorder  gave  the  speed  at  miles  per  hour 
at  which  the  car  wheel  was  moving.    This  apparatus  v/as  driven  from 
the  main  shaft  of  the  testing  machine  "by  means  of  a  comhination  of 
a  chain  and  belt  drive.    This  arrangement  was  such  as  to  permit  very 
little  lost  motion  in  the  drive.    The  calibration  was  accomplished 
in  the  following  manner.    The  speed  of  the  car  wheel  was  "brought  up 
to  over  60  miles  per  hour.    Then  the  clutch  connecting  with  the 
driving  engine  was  thrown  out.    The  car  wheel  continued  to  revolve 
at  high  speed  due  to  the  energy  stored  up  in  the  fly-wheel  which  was 
located  on  the  same  shaft  as  the  car  wheel.    One  man  held  an  accurate 
tachometer  on  the  main  shaft  of  the  machine  while  another  watched 
the  dial  of  the  Bo^r  recorder.    Simultaneous  readings  were  taken  "by 
each  man  as  the  speed  decreased  from  60  miles  per  hour.    Table  lo.  1 
shows  the  miles  per  hour  by  the  recorder  and  the  corresponding  num- 
ber of  revolutions  per  minute  of  the  car  wheel.    The  revolutions  per 
minute  of  the  car  wheel  was  reduced  to  miles  per  hour  in  the  follow- 
ing manner.    The  diameter  of  the  car  wheel  v/as  33  inches. 

fTx  33"  a  103.67  inches    or  8.64  feet. 

 ^280          ^    10.185    a  K 

8.64  X  60 

R.  P.  M.   (by  tachometer)    ^       2.  H. 
E 

The  results  obtained  are  shown  in  graphical  form  by  curve  Ho.  1. 
Paper  Travel. 

The  record  of  the  braking  effect  as  shown  by  the  dynamometer 
was  traced  upon  a  strip  of  paper  seven  inches  wide,  as  it  was  wound 
over  a  drum.    The  movement  of  the  paper  was  proportional  to  the  speed 
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of  the  car  wheel.    A  pencil  attached  to  a  magnet  that  was  controlled 
by  a  clock,  marked  second  intervals  on  the  moving  paper.    The  exact 
travel  of  the  paper  was  obtained  hy  running  the  testing  machine  for 
a  short  time  with  a  speed  counter  held  on  the  main  shaft  during  the 
entire  period  the  machine  was  in  motion.    Several  rims  of  this 
nature  were  made  in  order  to  obtain  aji  average.    Since  the  exact 
number  of  revolutions  was  known  each  time, by  measuring  the  length 
of  paper  that  unrolled  during  the  period  the  machine  was  in  motion, 
the  travel  of  the  paper  per  car  mile  was  calculated.    Prom  these 
tests  the  paper  travel  was  found  to  be  80.95  inches  per  car  mile  or 
.01533  inches  per  foot  of  linear  travel  of  the  car.    Therefore  for 
a  speed  of  60  miles  per  hour  or  88  feet  per  second  the  paper  travel 
was  88  X  .OlSSS  or  1.35  inches  per  second.    That  is  for  a  speed  of 
60  miles  per  hour  the  distance  between  two  adjacent  second  marks  on 
the  paper  was  1.35  inches. 

The  travel  of  the  paper  being  proportional  to  the  speed  of 
the  car  wheel  it  was  possible  to  construct  a  scale  whereby  the  speed 
in  miles  per  hour  for  any  second  interval  could  be  read  directly. 
Such  a  scale  is  shown  in  Fig.  1.    The  idea  involved  is  that  of  the 
proportion    between  the  sides  of  similar  triangles.    The  maximum 
height  of  the  triangle  (Pig.  1)  was  taken  as  1.8  inches.  This 
distance  corresponded  to  the  paper  travel  for  one  second  for  a  speed 
of  80  miles  per  hour.    The  miles  per  hour  scale  was  plotted  in  eaual 
spaces  along  the  side  AA  of  the  scale,  while  the  ordinates  were 
equal  to  the  travel  of  the  paper  per  second  for  that  respective 
speed.    By  placing  the  scale  with  the  side  AA  perpendicular  to  the 
line  on  the  paper  on  which  the  seconds  v/ere  checked  off,  the  speed 
in  miles  per  hour  for  any  time  interval  could  be  read  directly. 
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Cali"bration  of  Dynamometer. 

The  ordinate  of  the  curve  made  by  the  dynamometer  at  any 
point  indicated  the  "braking  effort  being  exerted  at  that  point. 
Thus  by  simply  determining  the  speed  at  any  given  point  by  the 
method  just  described  and  then  measuring  the  ordinate  at  that  point 
the  braking  effort  at  that  particular  speed  could  be  readily  ob- 
tained from  the  dynamometer  calibration  curve.    The  data  for  this 
calibration  curve  was  obtained  by  the  special  apparatus  shown  by 
Pig.  II.    The  dynamometer  rod  which  transmitted  the  braking  effort 
of  the  brake  shoe  to  the  dynamometer  was  normally  fastened  by  a  yoke 
to  both  sides  of  the  brake-shoe  holder.    In  testing  the  dynamometer 
this  rod  was  disconnected  from  the  sides  of  the  brake-shoe  head.  A 
5/ 8  inch  steel  cable  was  fastened  to  one  eye  of  the  yoke  then 
brought  out  on  a  horizontal  line  and  passed  through  the  tee  on  the 
end  of  the  wrought  iron  pipe  as  shown  in  Pig.  II.    Then  the  loose 
end  of  the  steel  cable  was  brought  back  and  fastened  to  the  opposite 
eye  of  the  yoke.    The  cable  was  free  to  move  in  the  tee  at  the  end 
of  the  pipe,  thus  producing  an  equal  tension  in  the  parallel  lines 
of  cable.    As  shown  in  Pig.  II.  the  four  inch  iron  pipe  served  as 
a  strut.    It  was  supported  at  the  top  or  tee  end  by  the  cable 
passing  through  it.    The  lower  end  pressed  against  a  steel  knife 
edge  at  M.    This  knife  edge  was  securely  fastened  to  a  part  of  the 
machine  foundation. 

The  cable  being  attached  directly  to  the  dynamometer  rod, 
any  pull  in  the  cable  would  cause  an  ordinate  to  be  traced  on  the 
paper  by  the  recording  apparatus.  A  zero  reading  was  first  taken 
without  any  pull  whatever  on  the  pull  rod.  Then  weights  of  known 
value  were  applied  at  Y/.    These  weights  plus  the  constant  weight 
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of  the  strut  etc.  caused  ordinates  of  varying  lengths  to  be  traced 
on  the  paper.    Care  was  taken  to  secure  a  nev/  zero  base  line  several 
times  during  the  test.    By  means  of  very  careful  measurements  the 
exact  dimensions  as  shown  in  Fig.  II.  were  obtained.    From  these 
measurements  the  angle  -e- was  calculated.    Since  the  movement  of  the 
dynamometer  was  never  over  one  fourth  of  an  inch,  the  angle  ©•  could 
be  safely  taken  as  constant.    The  cotangent  of  the  angle -e- was 
found  to  be  1.645.    Therefore  from  Fig.  II, 
I  «  cot  -e-    W,    or  X  s  1.645W 
X  s  the  pull  on  the  dynamometer  rod  and  V/  =  the  weight  applied  at 
the  end  of  the  strut.    Table  2  gives  the  data  obtained  from  these 
tests,  while  curve  Ko.  2  shows  the  calibration  curve  of  the 
dynamometer. 
Description  of  Tests. 

Fig.  Ill  shows  the  arrangement  of  the  apparatus  as  used  in 
making  the  braking  tests.  The  air  brake  used  was  a  Westinghouse 
high  speed  passenger  brake  with  a  12  inch  cylinder.  The  car  wheel 
was  steel  tired,  and  33  inches  in  diameter.  A  brake  shoe  was  used 
that  was  manufactured  by  the  American  Brakeshoe  &  Foundry  Co.  The 
shoe  was  of  the  reinforced  type  bearing  the  marking,  E.  Pat.  4-11- 
93.  This  shoe  was  taken  at  random  from  stock  at  the  Big  Four  Shops 
at  Urbana. 

The  pressure  brought  to  bear  upon  the  brake  shoe  was  pro- 
duced by  the  air  brake.    This  action  was  accomplished  in  the  follow- 
ing manner.    When  air  was  admitted  to  the  brake  cylinder  the  piston 
within  the  cylinder  was  pushed  forward  caxising  the  piston  rod  X 
(Fig.  Ill)  to  move  out  and  strike  the  knife  edge  on  the  bell  crank 
at  Y.    The  travel  of  the  piston  was  fixed  at  eight  inches,  this 
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being  the  standard  running  piston  travel  used  in  service  today. 
The  force  of  the  piston  rod  pressing  against  the  "bell  crank  at  Y 
was  transmitted  by  the  bell  crank  to  A  and  then  through  the  regular 
system  of  levers  of  the  testing  mchine  until  the  pressure  was 
brought  to  bear  directly  upon  the  brake  shoe.    The  counter  balance 
shown  in  Fig,  III  was  so  arranged  as  to  just  lift  the  shoe  clear  of 
the  wheel  when  the  brakes  were  not  applied. 

The  system  of  levers  on  testing  machine  was  of  the  ratio 
of  24  to  1.     That  is  one  pound  applied  at  A  would  produce  24  pounds 
pressure  upon  the  brake  shoe.    This  arrangement  enabled  the  use  of 
a  comparatively  small  weight  at  A  in  order  to  produce  a  large 
braking  pressure  on  the  shoe.     In  order  therefore,  to  apply  the 
pressure  within  the  brake  cylinder  to  the  shoe  it  was  necessary  to 
use  some  means  of  reducing  this  force  before  it  was  applied  at  A. 
This  was  accomplished  by  means  of  the  bell  crank  arrangement  shown 
in  Fig.  III.     The  ratio  of  the  arms  of  the  bell  crank  was  1  to  24. 
This  ratio  was  Just  the  reverse  of  the  lever  ratio  of  the  machine. 
Therefore  it  can  be  readily  seen  that,  barr  ing  slight  losses  due  to 
pin  friction,  the  pressure  set  up  within  the  brake  cylinder  was 
applied  directly  to  the  brake  shoe,  and  v;as  the  same  as  the  shoe 
pressure  in  the  case  of  an  8  wheel  car  having  a  lever  ratio  of  8  to 
1,  efficiencies  being  practically  the  same  in  each  case. 

In  making  the  tests  the  car  wheel  was  first  brought  up  to 
a  speed  of  over  60  miles  per  hour.     Then  the  driving  clutch  was 
thrown  out.    mien  the  Boyer  recorder  registered  60  miles  per  hour 
a  strong  application  of  the  air  brake  was  made.    This  in  most  of  the 
tests  caused  the  pressure  in  the  brake  cylinder  to  build  up  to  over 
80  pounds  per  square  inch.    The  automatic  reducing  valve  was  set  for 


60  pounds.    Therefore,  as  soon  as  these  high  pressures  formed  In  tte 
brake  cylinder,  the  reducing  valve  would  gradually  reduce  the 
pressure  to  60  pound  per  square  inch.    For  a  pressure  of  88  pounds 
in  the  12  inch  cylinder  a  hrake  shoe  pressure  of  9,953  pounds  was 
produced.    '^Vith  the  pressure  reduced  to  60  pounds  the  braking  pres- 
sure would  only  be  6.785  pounds.     The  higher  pressurewould  be  safe 
only  for  high  speed  around  60  miles  per  hour,  while  the  lower  pres- 
sure could  be  used  for  any  speed. 

The  tests  were  numbered  from  one  to  ten  in  the  order  in 
which  they  were  taken.    By  the  use  of  guages  it  was  possible  to 
determine  the  exact  pressure  in  the  auxiliary  reservoir  and  train 
line.    The  pressure  that  built  up  within  the  brake  cylinder  was 
observed  in  the  same  manner.     In  some  cases  the  wheel  stopped  re- 
volving before  the  blowdown  ceased.    Whenever  this  happened  the 
cylinder  pressure  at  the  point  of  stopping  was  observed.    Any  un- 
usual item  connected  with  any  of  the  tests  was  noted  and  will  be 
found  recorded  in  the  tables  of  data. 
Results  of  Tests. 

Table  3  gives  the  complete  data  of  the  tests  with  respect 
to  the  decreasing  speed.    Tlie  braking  effects  i)lotted  on  a  speed 
base  are  represented  by  the  curves  shown  on  sheet  Fo.  3.  The 
numeral  attached  to  each  curve  signifies  the  serial  number  of  the 
test.    The  letters  T.  L.  P.  stand  for  the  train  line  pressure,  while 
E.  Q.  P.  is  an  abbreviation  for  equalizing  pressure  within 'the  brake 
cylinder. 

Tables  4,  5.  and  6  give  the  braking  effect  for  distances 
covered  in  feet  after  the  brake  was  applied.    In  securing  this  data 
several  sections  were  chosen  from  each  test  curve  where  the  ordinate 
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was  nearly  constant.    The  value  of  the  average  ordinate  for  eaoh 
section  was  taken  from  the  dynamometer  calihration  curve.    Since  it 
was  found  that  one  foot  of  car  wheel  travel  caused  .0152  inches  of 
paper  travel,  "by  simply  measuring  from  some  point  in  the  chosen 
section  back  to  the  "beginning  of  the  curve,  the  distance  in  feet 
that  the  car  wheel  had  traveled  up  to  that  point  was  readily  com- 
puted.   Curve  Sheet  ITo.  4  shows  results  of  tests  plotted  on  a 
distance  base.    All  the  curves  start  at  a  zero  distance,  that  is  the 
deceleration  from  50  miles  per  hour  is  just  beginning.    The  curves 
shown  on  sheet  Ho.  4  do  not  represent  maximum  values  of  braking 
effect,  but  rather  average  values  over  the  various  sections  taken 
on  the  test  curves. 

From  Sheet  No.  3  it  can  be  readily  seen  that  a  greater 
braking  effect  was  obtained  at  high  speeds  when  the  high  air  pres- 
sure was  used.    This  fact  is  also  brought  out  by  the  curves  on  Sheet 
lo.  4.    V/hen  the  high  braking  pressures  were  used  a  stop  was  effect- 
ed in  a  much  shorter  distance  than  was  the  case  when  lower  pressures 
were  applied.    Test  ITo.  X  v/as  an  exception  to  the  above  statement. 
For  this  test  a  different  reducing  valve  was  used  which  did  not 
work  efficiently,    llo  curves  were  plotted  for  test  Ho.  YII  because 
with  such  a  low  brake  pressure,  the  results  obtained  could  not  be 
plotted  on  the  curve  sheets  to  the  scale  that  has  been  used. 

The  curves  on  Sheets  3  and  4  have  a  somewhat  distorted 
appearance.    This  is  due  to  the  fact  that  the  ordinates  are  four 
times  as  great  as  the  abscissae.     If  the  coordinates  of  these  curves 
were  equal  these  curves  ^vould  be  more  horizontal  in  nature  and  thus 
show  more  clearly  a  more  uniform  braking  effect.    However  from  these 
curves  it  has  been  found  that  the  deceleration  has  been  nearly 
constant . 
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TTie  actual  deceleration  for  test  No.  YIII  was  obtainecL  by 
determining  the  exact  speed  during  eacli  second  interval.     It  was 
foimd  that  the  drop  in  speed  was  almost  proportional  to  the  time. 
Curve  Ho.  5  shows  the  deceleration  from  60  miles  per  hour  under  the 
conditions  of  test  Uo.  VIII.     It  can  be  seen  from  this  curve  that 
the  deceleration  approaches  very  closely  to  a  straight  line. 
Force t=  mass  x  acceleration. 

Braking  effect  «  mass  x  deceleration. 

The  mass  was  known  to  be  constant  and  the  deceleration  has 
been  shown  to  be  approximately  constant.    Therefore  the  braking  ef- 
fect must  have  been  constant. 
Conclusions . 

These  tests  show  in  a  general  way  that  the  high  speed  brake 
does  more  efficient  braking  at  high  speeds  than  can  be  accomplished 
by  the  use  of  lower  initial  pressures.    Also  for  ordinary  brake 
shoes  as  used  in  common  practice  today,  the  high  speed  brake  pro- 
duces a  fairly  uniform  braking  effect  from  high  speeds  down  to 
about  the  point  of  stopping.    However,  the  complex  nature  of  fluct- 
utations  of  the  coefficient  of  friction  make  it  impossible  to 
formulate  any  conclusions  except  those  of  a  general  nature. 
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